Two field experiments were carried out in cool temperate maritime latitudes in NW Tasmania (41ºS) to assess whether wilting and drying Artemisia annua plants in the field after harvest had any detrimental effects on artemisinin (the source of important antimalarial drugs) or its precursor artemisinic acid. A third field experiment studied the effect of steam distillation of A. annua for its essential oil, prior to oven drying, on artemisinin and artemisinic acid. In the first two experiments whole plants were cut off at the base and left in situ for 1, 3 and 7 days (Experiment 1) and for 7, 14 and 21 days (Experiment 2). Experiment 2 included two additional treatments: (i) shade drying whole plants under ambient conditions in the field for 21 days and (ii) drying leaves, detached at harvest, for 21 days under ambient conditions inside in the dark. The effects of all of these treatments were compared with oven drying (35ºC) leaves which had been detached immediately after harvest.
INTRODUCTION
Annual or sweet wormwood (Artemisia annua L., family Asteraceae) has been used in traditional Chinese medicine (where it is called qinghao) for centuries as a herbal treatment for malaria and other fevers (Ferreira et al., 1997) . Artemisinin (qinghaosu )-the specific compound in A. annua with marked antimalarial activity against the single celled parasitic, protozoan Plasmodium species: falciparum vivax, malariae and ovalewas first isolated and structurally defined in China in 1972 (Klayman, 1985 . Artemisinin is a rare sesquiterpene lactone endoperoxide of the cadinane series and with the possible exception of Artemisia apeacea L. (Liersch et al., 1986) it has only been detected in A. annua. Malaria is a devastating disease in tropical, developing countries with up to 2.7 million deaths annually (Miller, 1992) . The World Health Organization (WHO) has concluded that antimalarial drugs derived from artemisinin have a vital key role in all countries where the disease is an endemic problem (WHO, 1998) .
Oven drying plant material in large scale gas or oil fired kilns is an expensive operation but the less expensive alternative of field drying in the sun is reputed to severely reduce artemisinin (A. Singh, personal communication) . In USA shade drying of A. annua under ambient conditions inside or outside gave higher artemisinin than sun drying (Charles et al, 1993) and shade drying inside gave 30 % greater artemisinin than oven drying at 40 ºC (Ferreira et al., 1992) . Other than these studies very little work has been published on post-harvest drying effects on the artemisinin content of A. annua and none on the effect of drying method on artemisinic acid (Laughlin et al., 2001) . This paper will describe the comparative effects of: (i) sun and shade drying of whole plants in the field with oven and dark drying leaves immediately after harvest and (ii) oil distillation of plants prior to oven drying on artemisinin and artemisinic acid concentration in A. annua.
MATERIALS AND METHOD

Field and Oven Drying Comparisons (Experiment 1)
An initial explanatory field trial was carried out in 1990 at Forthside Research Station in N W Tasmania (Lat. 41º12'S. Elevation 150m.) This experiment on krasnozem soil was set out in randomized blocks with four replications in plots of 35 m 2 with six rows of 30 cm spacing. Weeds were controlled by hand and the plots were irrigated throughout the growing season. Plants of Chinese selection were cut off at the base at the late vegetative stage (early March, 1990 ) and left in situ in the field for 1, 3 and 7 days. Leaves from a random sample of twelve plants were removed from all branches, oven dried for 24 hours at 35ºC, ground to pass a 0.1 mm sieve and assayed for artemisinin and artemisinic by an HPLC method. These assays were compared with assays of leaves which had been removed from plants immediately after harvest and oven dried in a fanforced oven for 24 hours at 35ºC.
Field, Shade, Dark and Oven Drying Comparisons (Experiment 2)
A field experiment was carried out at Wesley Vale in N W Tasmania (Lat. 41º10'S. Elevation 100m). Seedlings of a Chinese selection of A. annua were transplanted in spring (October 1994) into plots of 35 m 2 with six rows of 30 cm spacing. The plots were set out in randomized blocks with four replications, weeds were controlled by hand and the plots were irrigated throughout the growing season. At harvest (early March 1995) at the late vegetative stage whole plants were cut off at the base to compare four drying methods: (i) field drying in situ for 7, 14 and 21 days, (ii) shade drying outside under ambient conditions for 21 days, (iii) leaves detached at harvest and dried in the dark inside under ambient conditions for 21 days, (iv) leaves detached immediately after harvest and oven dried for 24 hours at 35ºC. After the completion of treatments (i), (ii) and (iii) their leaves were also oven dried for 24 hours at 35ºC and all treatments were ground to pass a 0.1 mm sieve and assayed for artemisinin and artemisinic acid by an HPLC method.
Steam Distillation and Oven Drying (Experiment 3)
The same Chinese selection of A. annua used in Experiments 1 and 2 together with selections from Yugoslavia and USA were used to assess the effect of steam distillation for their essential oils, prior to oven drying, on artemisinin and artemisinic acid in leaves. Single unreplicated plots of the three selections were transplanted in spring (October) 1991 into plots of 27 m 2 with six rows at 30 cm spacing. Weeds were controlled by hand and the trial was irrigated throughout the growing season. A random sample of twelve plants was harvested at the late vegetative stage (February 1992) by cutting the top three quarters and a random sub-sample of twelve kilograms was machine cut into small (1 cm) chips. Two kilograms of the sub-sample were dried immediately in a fan-forced oven for 24 hours at 35 ºC and the leaves separated by sieving. Ten kilograms of the sub-sample were steam-distilled for one hour in a scaled-down industrial type still. The oil was collected and a random 2 kg sample of the distilled plant material was oven dried in a fan-forced oven for 24 hours at 35 ºC and the leaves were separated by sieving. The leaves from both pre-and post-distilled samples were ground to pass a 1.0 mm sieve and assayed by an HPLC method for artemisinin and artemisinic acid. The oils from the three selections were also assayed for artemisinin and artemisinic acid.
RESULTS
Experiment 1
There were no differences in either artemisinin or artemisinic acid concentration between leaves of A. annua which had been oven dried immediately after harvest and those from whole plants which had been left in the field for 1, 3 or 7 days (Table 2) .
Experiment 2
There were no differences in the artemisinin concentration of leaves which had been oven dried immediately after harvest and those from whole plants left to dry in the field for 7 days (Table 3) . However there was a trend for leaves from whole plants which had been either left in the field for 21 days, shade dried outside for 21 days, or dried in the dark inside for 21 days to have higher artemisinin concentration than leaves oven dried immediately after harvest (Table 3 ). There were no differences in artemisinic acid content of leaves from any of the four drying treatments (Table 3) .
Experiment 3
The artemisinin concentration of leaves from the Chinese selection of A. annua used in Experiments 1 and 2 and distilled prior to oven drying was negligible (0.1%) and the concentrations was about one tenth of that of the leaves which had only been oven dried (Table 4 ). The artemisinin in the American selection was similar to the Chinese selection and nil in the Yugoslavian selection. The artemisinic acid concentration in the leaves of all three seed selections appeared to be unaffected by steam distillation (Table  4) . Assay of the essential oils detected no artemisinin in any of the three selections and only small traces (0.001-0.004 %) of artemisinic acid.
DISCUSSION
The most important conclusion from both Experiments 1 and 2 is that, under Tasmanian conditions (Table 1) , harvesting whole plants by cutting them off at the base and leaving them to wilt in the field for 7 days had no detrimental effect on artemisinin concentration. The trend in Experiment 2 for the artemisinin content of leaves from whole plants which had been dried in situ, in either the sun or shade for 21 days, to be higher than that in leaves which had been detached and dried immediately after harvest and oven dried was quite unexpected. This experiment needs to be repeated to confirm the consistency of this pattern. Periods of drying as long as 7, 14 or 21 days may be unnecessary in intertropical regions which have high temperature conditions. Currently small scale commercial crops of A. annua in the highlands of Tanzania are left in the field for 2-3 days prior to a further period of shade drying where necessary (A. Ellman, personal communication). The main reason for the inclusion of 14 and 21 day drying periods was to assess the stability of artemisinin and artemisinic acid. After 14 days the leaves of A. annua turned quite brown but with no detrimental effect on either of the antimalarial constituents. However in areas of high tropical humidity extended field drying may precipitate fungal contamination of leaves and may possibly deplete artemisinin (P.M. Magalhaes, personal communication).
The results of the Tasmanian post-harvest drying studies differ from those of Charles et al. (1993) . However detached branches were used by Charles et al. in contrast to whole plants, their field temperatures were 5-8 ºC higher and drying was only continued for 48 hours. It may well be useful to reassess the role of field drying in some intertropical regions where A. annua is currently grown, particularly with the newer high artemisinin selections which have recently been developed (Laughlin et al., 2001) .
The artemisinic acid content of the A. annua plant selection used in this Tasmanian study was very stable and resistant to any of the drying methods or times used in Experiments 1 or 2. The contrast between artemisinin and artemisinic acid was particularly evident when A. annua plants were steam-distilled for essential oil extraction prior to oven drying. Distillation virtually destroyed artemisinin while artemisinic acid was unaffected (Table 4) . Artemisinic acid has been shown to be an effective precursor source of artemisinin (Vonwiller et al., 1993) and hence a dual purpose use of A. annua for oil and artemisinin would be a commercial possibility if the economics were appropriate. Another incentive to maintain an interest in artemisinic acid is that, in the search to develop a new range of antimalarial drugs from A. annua, artemisinic acid may often be a more appropriate source than artemisinin (Ziffer et al., 1997) . However the high artemisinin (ca., 1.0 %) strains of A. annua which have been developed in Vietnam (Woerdenbag et al., 1993) or specially bred and selected for intertropical regions (Magalhaes et al., 1996) are typically very low in artemisinic acid (ca., 0.1-0.2 %). It may be appropriate to maintain selections of A. annua which are reasonably high in both artemisinin and artemisinic acid to cater for a range of antimalarial drugs which could still be developed from A. annua. 
